The purpose of this study was to evaluate the effectiveness of repetitions to fatigue (RTF) using absolute and relative muscle-endurance performances to estimate 1-repetition-maximum (1-RM) bench-press performance in high school male athletes. Methods: Members of high school athletic teams (n = 118, age = 16.5 ± 1.1 y, weight = 82.7 ± 18.7 kg) were tested for 1-RM bench press and RTF with an absolute load of 61.4 kg and a relative load that produced 7 to 10 RTF (7-to 10-RM). All participants had completed a minimum of 4 wk of resistance training before measurement. Results: All 7-to 10-RM-prediction equations had higher correlations between predicted and actual 1-RM (r > .98) than the 61.4-kg absolute-load equation (r = .95). Despite the high correlations, only 3 of 11 equations produced predicted values that were nonsignificantly different from actual 1-RM. The best 7-to 10-RM equation predicted 65% of the athletes' performances within ±4.5 kg of their actual 1-RM. The addition of simple anthropometric dimensions did not increase the validity correlations or decrease the prediction errors. Conclusion: The 7-to 10-RM method can provide an accurate method of estimating strength levels for adjusting loads in a training program and is more accurate for predicting 1-RM bench press in high school athletes than the 61.4-kg repetition method.
Some form of strength evaluation is essential at all levels of athletic participation. The most widely used method of measuring maximal dynamic strength is the 1-repetition maximum (1-RM), which requires an individual to lift as much weight as possible 1 time through a full range of motion. The 1-RM test might require considerable time both in preparation for the evaluation session and in performance of the sequencing to reach a maximal effort. Although the injury rate from 1-RM testing is considered low, 1 many coaches, conditioning specialists, and athletes are opting for a multirepetition approach to evaluate muscle performance. Recent studies have shown that a repetition-to-fatigue (RTF) approach might offer an accurate estimate of 1-RM strength levels in most young athletes. [2] [3] [4] The 2 approaches typically employed in RTF testing to predict 1-RM use absolute or relative loads. An absolute load is a fixed amount of weight that is lifted as many times as possible before muscle fatigue halts contraction. A relative load is an amount of weight determined as a percentage of some criterion such as body mass, lean body mass, or maximal strength. Previous research has indicated that the number of RTF completed with an absolute load is highly correlated with 1-RM, 4 whereas the number of RTF completed with a relative load is poorly correlated with 1-RM. 5 When the RTF range is restricted to <10, the repetition weight used might be highly related to the 1-RM. [5] [6] [7] [8] To date, however, few studies have compared the 2 approaches to determine which is better for estimating maximal strength.
Because few studies have been completed on adolescent male athletes to assess the feasibility of estimating maximal strength levels from either RTF method, it would be advantageous to coaches and athletes to determine whether an absolute-or relative-load approach would be more accurate for predicting maximal strength. The approach that proves to be more acceptable could provide a great deal of motivation to athletes, as well as saving valuable training time that is often diverted to prepare for the attempt at the 1-RM. Therefore, the purpose of this study was to evaluate the effectiveness of an absolute and a relative muscle-endurance task for predicting 1-RM bench-press performance in male high school athletes.
Methods

Experimental Design
To determine the relationship between maximal strength and absolute and relative muscle-endurance performances, male high school athletes performed 3 tests to evaluate these components. Most of these athletes participated in football and wrestling, with many being multisport participants. Their resistance-training experience ranged from 1 to 4 years. They were tested at various times throughout their competitive year for 1-RM bench press, the number of repetitions they could complete using a load of 61.4 kg (repetitions at 61.4), and the amount of weight with which they could complete 7 to 10 RTF (7-to 10-RM). Nine equations from the literature were evaluated for their accuracy and precision.
Participants
Male members of high school athletic teams (N = 118) from 3 states were tested for 1-RM bench press and 2 muscle-endurance tasks. The study was approved by the university institutional review board and the appropriate officials of the high schools participating. Written consent for participation was secured from coaches, athletes, and parents before participation. Each participant had trained for a minimum of 4 weeks using progressive-resistance methods before evaluation. All participants were familiar with the bench-press technique and had used it as a core exercise in their training programs. Procedures and instructions were standardized among evaluators to ensure consistency of testing.
1-RM Testing
The 1-RM bench-press procedure followed a standard "touch-and-go" protocol in which the bar was lowered slowly to touch the chest before being pressed immediately to full arms' extension. 9 During testing, each athlete was allowed to warm up according to personal preferences using light weights of approximately 50% to 75% of his estimated 1-RM. When testing began, a weight was selected by the athlete, and 1 repetition was performed. If this repetition was successful, a minimum of 5 minutes rest was given 10 before he attempted subsequent repetitions with additional weight. The amount of weight added depended on the ease of completing the single repetition and usually fell in the range from 2.3 to 6.8 kg. Most participants reached their 1-RM within 3 to 5 attempts. Standard Olympic bars and plates were used for all lifts, and each athlete used a grip that was slightly wider (approximately 15 to 30 cm) than shoulder width.
11
Absolute and Relative Muscle-Endurance Testing
One week before or after 1-RM testing, the participants performed an absolute and a relative muscle-endurance task. The lifting procedures and equipment for the RTF tasks were the same as for the 1-RM test. The order of the endurance tasks was randomly assigned, and a minimum of 24 hours recovery was allowed between tests. The absolute-endurance task required the participant to perform as many RTF as possible with a load of 61.4 kg. This weight was selected because it had been used previously to predict 1-RM in adolescent athletes 4 and because all but 1 of the participants could complete at least 1 repetition with this load.
The relative-endurance task required the participant to select a weight that produced 7 to 10 RTF (7-to 10-RM). This RTF level was selected because it had support for prediction accuracy 5, 12, 13 and because higher repetitions have often been recommended for use with adolescent lifters. 14, 15 No more than a 2-second pause was allowed between repetitions for either task, and only repetitions performed through the full range of motion were counted.
Statistical Analysis
Pearson product-moment correlations among demographic and performance measures were used to assess the relationships among the variables. Partial correlation was used to hold selected variables constant in determining the relationship among primary variables. A 1-way repeated-measures analysis of variance was used to compare the actual 1-RM with the predicted values from nine 7-to 10-RM equations noted in the literature. 5, 7, 8, 12, 13, [16] [17] [18] [19] Intraclass correlation coefficients (ICC) and total error-square root of [(predicted 1-RM -actual 1-RM) 2 /n]-were used to assess the accuracy of the prediction equations. Multiple-regression analysis was performed to determine the potential contribution of demographic variables to repetitions at 61.4 or 7-to 10-RM in estimating 1-RM from the various prediction equations. Statistical power for all analyses exceeded 90%.
Results
The physical and performance characteristics of the participants are shown in Table  1 . Age, height, weight, and body-mass index were significantly correlated with 1-RM bench press. Holding age constant by partial correlation reduced the relationship between height and 1-RM bench press to a nonsignificant level (r = .13), and the relationships of weight and BMI with 1-RM bench press were relatively unchanged (r = .64 and .62, respectively). When the effect of body mass was held constant, the relationship between 7-to 10-RM and 1-RM (r = .95) and between repetitions at 61.4 kg and 1-RM (r = .87) also changed little, indicating a relatively consistent pattern between muscle strength and muscle endurance.
Six of the equations produced predicted values that were nonsignificantly different from the actual 1-RM and had low total errors associated with them ( Table  2 ). All ICCs were ≥.98 (P < .001).
The Ware et al 13 equation developed on male college athletes seemed to provide the best estimates, with 65% of the group within ±4.5 kg and 88% within ±5% error ( Figure 1) .
The correlation between the prediction residuals and percentage 1-RM for the Ware et al equation 13 indicated that the lower the percentage 1-RM represented by the 7-to 10-RM, the greater the underprediction, and the higher the percentage 1-RM represented by the 7-to 10-RM, the greater the overprediction (Residual [kg] = 1.14% 1-RM -91.7, r 2 = .90). Prediction residuals were also moderately but significantly related to 1-RM (r = -.27), indicating a slight tendency for overprediction to occur below a 1-RM of 90.9 kg and underprediction to occur above 90.9 kg. The relationship between prediction residual and 1-RM was not altered substantially if age, height, weight, or any combination of those variables was held constant. In an attempt to determine whether simple demographic factors might predispose some individuals to be significantly underpredicted or overpredicted for 1-RM strength, the current sample was divided into 3 groups relative to underprediction (<4.5 kg), accurate prediction (within ±4.5 kg), and overprediction (>4.5 kg) using the 7-to 10-RM approach based on the Ware et al equation. 13 The largest proportion (65%) of the group was accurately predicted, with smaller samples underpredicted (17%) and overpredicted (18%). A group-by-variable (3 × 11) MANOVA on the major variables, with individual ANOVA and Tukey post hoc follow-ups, revealed significant differences among the groups for 6 of the 11 variables (Table 3) . Despite the nonsignificant correlation between absolute-and relative-endurance repetitions (r = .11), the pattern of each performance appeared to be the same. The overpredicted group performed slightly fewer repetitions with a higher-percentage 1-RM in both procedures, and the underpredicted group performed more repetitions at a lower-percentage 1-RM. Furthermore, if multiple-regression analysis was used, none of the basic demographic variables made any additional contribution to any of the prediction equations in estimating 1-RM.
Discussion
Despite the widespread use of prediction equations to estimate maximal strength at all levels of athletic participation, many have not been evaluated extensively for their use in adolescent athletes. An exponential equation developed on college men accurately predicted bench-press strength of average high school males after a weight-training class. 20 Knoll et al 2 indicated that 2 linear and 1 exponential equation could be used successfully to estimate the strength level of high school football players across a RTF range of 2 to 15. Faigenbaum et al 21 noted that preadolescent strength levels could be assessed using repetitions completed with a load of 75% 1-RM, suggesting that the use of RTF in the higher range might have merit in predicting 1-RM strength levels among younger participants. The 7-to 10-RM in the current study had a percentage 1-RM range of 78% to 82%.
Faigenbaum et al 21 found that younger children (age 8 to 12 years) were able to perform 39 RTF at 50% 1-RM and 13 RTF at 75% 1-RM on a chest-press machine. Using a curvilinear model for determining the relationship between repetitions at 61.4 and percentage 1-RM (%1-RM = 100.25 -2.6269 repetitions at 61.4 + 0.0309 repetitions at 61.4 2 , R = .94, SEE = 5.2%), we noted that the current subjects would perform 29 RTF at 50% and 11 RTF at 75%. The slightly higher values noted by Faigenbaum et al 21 might be explained in part by the use of a machine weight device that could have reduced some of the work required by stabilizing muscles, thus allowing completion of additional repetitions. This difference notwithstanding, it appears that the relationship between muscle endurance and the percentage 1-RM might be relatively constant during the adolescent years.
Previous research has indicated that the relationship between RTF in the bench press and percentage 1-RM remained constant after 14 weeks of resistance training in college-age nonathletes. 22 A recent study on trained and untrained college men found no difference in the predictive accuracy of an equation to estimate 1-RM bench press. 23 In highly trained college athletes, however, strength gains produced with resistance training might alter the relationship between maximal bench-press strength and both absolute and relative muscle endurance at heavier loads (>90% 1-RM). 24 If the relationship between maximal strength and repetitions completed at moderate-intensity loads (60% to 80% 1-RM) noted in older individuals holds true for adolescent athletes, it would mean that a single equation could be used to estimate 1-RM at various stages in their training program. A recent study of adolescent athletes found that controlling for the effect of age did not alter the correlation between percentage 1-RM and RTF (r = -.46) when the number of RTF was between 2 and 10. 3 This might add further support to the use of a RTF approach at various stages of development or training to assess the muscle performance of adolescent athletes.
As with all prediction, there is some error associated with the estimation of 1-RM from RTF. Faigenbaum 14 has suggested that it is better to slightly underestimate the maximal strength level of adolescents than to overestimate it. Such an approach might offer an additional margin of safety when planning training programs for younger athletes by avoiding excess loading of joints. Using this precept and accepting an underprediction within 4.5 kg of the actual 1-RM, 31% of the current sample would have had acceptable predictions, producing only a -2.1% (±1.4%) error. If we expand Faigenbaum's concept 14 to include the individuals only slightly overpredicted (within 4.5 kg above actual 1-RM), the 65% of acceptable predictions using the Ware et al equation 13 would have had an absolute error of no greater than ±2.7% (Table 2 ). This degree of accuracy might allow conditioning specialists to design young athletes' training programs based on the estimated 1-RM rather than actually performing a 1-RM test. Therefore, the estimated 1-RM can be safely assessed periodically, saving valuable training time and still allowing for altering of periodized programs to maintain proper load sequencing during a yearly cycle. It has been suggested that younger athletes engaged in a resistance-training program should use higher repetitions (ie, 10 to 15) for training purposes.
14 Most of these guidelines have emanated from studies involving preadolescents as participants 14, 21 and might not apply to athletes in their late adolescent years. In most senior high school athletes, the major objective of a resistance-training program is to develop maximum muscle strength, which typically requires heavier loads and fewer repetitions. The current results would appear to be applicable across a wide age spectrum and allow younger athletes to use higher repetitions (ie, a 10-RM) to predict the 1-RM, whereas older athletes can use fewer repetitions and heavier loads (7-RM). The ability to gauge estimated 1-RM from a RTF method might be appealing for athletes, coaches, and conditioning specialists who do not wish to test frequently at maximal levels.
Using an absolute load as a gauge of muscle performance might have a certain level of appeal. It could provide a rigid standard for everyone and allow individuals to evaluate their status throughout the yearly training cycle, as well as determine their ranking relative to other athletes. Nonetheless, the greater variation at the upper end of the RTF continuum (>20 repetitions) would produce a larger error. The prediction error from the Wardle et al equation 4 increases from 6.1% at ≤10 repetitions to 16.6% at ≥20 repetitions. RTF in larger subjects was significantly correlated with body mass (r = .66). Furthermore, holding body mass constant reduced the correlation between prediction residual (predicted 1-RM -actual 1-RM) and repetitions at 61.4 from a significant (r = .36) to a nonsignificant level (r = .13). At the upper end of the endurance continuum (>20 repetitions), other factors such as motor-unit asynchrony, muscle-fiber type, and muscle mass might play a greater role in determining performance than does maximal strength.
A recent study suggested that young athletes with more linear physiques (ie, lower BMI) were more underpredicted with a RTF approach, 4 suggesting that adding demographic variables might help reduce the error associated with predicting 1-RM. That did not appear to be the case in the current sample because none of the simple demographic variables were significantly related to the prediction residual for the 7-to 10-RM (r = -.07 to -.17) or repetitions at 61.4 kg (r = -.13 to .02). Nor were any of these demographic variables added during multiple-regression analysis to increase the correlation between the predicted 1-RM and actual 1-RM. Thus it would seem that the degree of overprediction or underprediction cannot be identified or enhanced by adding simple anthropometric variables across the wide age span of adolescent athletes.
Practical Applications
The relationships between absolute and relative muscle endurance in male adolescent athletes appear to be similar to those previously noted in college athletes. These relationships might allow the prediction of maximal bench-press-strength performance using either maximal-repetition performance with an absolute load of 61.4 kg or a relative load that would allow 7 to 10 repetitions to be accomplished before fatigue halts contraction. The latter approach appears to be better because the correlation is somewhat higher and the standard error of estimate is lower. With the 7-to 10-RM method, most young athletes can be accurately predicted with only a small margin of error (≤4.5 kg, or 5%). For individuals who are underpredicted or overpredicted by a larger margin of error, it does not appear that simple body-size measurements offer an adequate correction method. Perhaps further investigation of the contribution of regional anthropometry to enhancing prediction accuracy is warranted. For the time being, it must be left to strength professionals to adjust training loads to better suit participants who do not appear to perform at their predicted levels.
